Antisense ribosomal siRNAs (risiRNAs) downregulate pre-rRNAs through the 23 nuclear RNAi pathway in Caenorhabditis elegans. However, the biogenesis and 24 regulation of risiRNAs remain obscure. Previously, we showed that 26S rRNAs are 25 uridylated at the 3'-ends by an unknown terminal polyuridylation polymerase before 26 the rRNAs are degraded by a 3' to 5' exoribonuclease SUSI-1(ceDIS3L2). There are 27 three polyuridylation polymerases, CDE-1, PUP-2, and PUP-3, in C. elegans. Here, we 28 found that CDE-1 is specifically involved in suppressing risiRNA production. CDE-1 29 localizes to perinuclear granules in the germline and uridylates both Argonaute-30 associated 22G-RNAs and 26S rRNAs at the 3'-ends. Immunoprecipitation followed by 31 mass spectrometry (IP-MS) revealed that CDE-1 interacts with SUSI-1(ceDIS3L2).
the associated siRNAs. NRDE-3-bound risiRNAs were enriched 17 fold in cde-1 145 mutant animals, compared to what was observed in control animals ( Figure 2B ).
147
To test whether risiRNAs bind to Argonaute proteins in addition to NRDE-3, we 148 analyzed HRDE-1 and WAGO-1-bound small RNAs in the young adult animals. 149 HRDE-1 and WAGO-1 were immunoprecipitated from the control animals and the cde-150 1(tm936) mutant animals. Small RNAs were isolated and deep sequenced in the 5'-151 phosphate-independent method. In cde-1 mutants, the amount of risiRNAs bound to 152 HRDE-1 and WAGO-1 increased 9.9-and 1.6-fold, respectively, compared to those 153 bound in wild-type animals ( Figure 2B ). The NRDE-3-, HRDE-1-, and WAGO-1-154 bound small RNAs still exhibited the characteristics of 22G-RNAs, which is 22 nt in 155 length and starts with 5' guanidine in the mutants ( Figure S2 ). A similar increase in 156 risiRNA was observed in WAGO-4-bound risiRNAs in cde-1 mutants (Xu et al., 2018) .
1 mutants ( Figure 2D ). FIB-1 in C. elegans is encoded by an ortholog of the genes 164 encoding human fibrillarin and Saccharomyces cerevisiae Nop1p (Lee, Lee et al., 2012, 165 Yi, Ma et al., 2015) . FIB-1 localizes to the nucleolus in embryos.
166 167 CDE-1 interacts with SUSI-1(ceDIS3L2) in the germline 168 To further understand the function of CDE-1, we constructed a GFP::3×FLAG 169 tagged cde-1p::CDE-1::GFP::3×FLAG transgene (abbreviated as CDE-1::GFP) using 170 Mos1-mediated single-copy insertion (MosSCI) technology. CDE-1 was expressed in 171 the germline cells at all developmental stages ( Figure S3A ). We noticed that CDE-1 172 accumulated in both the cytoplasm and the perinuclear region exhibiting distinct foci 173 in the germline of adult animals. We crossed the CDE-1::GFP strain with the P-granule 174 marker strain mRuby::PGL-1, and found that perinuclear localized CDE-1 largely 175 colocalized with the P-granule marker PGL-1 ( Figure 3A ).
177
We searched for proteins that interact with CDE-1. We used 178 coimmunoprecipitation followed by mass spectrometry (IP-MS) to identify proteins 179 that potentially interact with CDE-1. Strikingly, we identified SUSI-1(ceDis3L2) 180 ( Figure 3B and Figure S3B ). SUSI-1 is a 3' to 5' exoribonuclease that degrades 181 oligouridylated RNAs. In susi-1 mutants, both risiRNAs and oligouridylated rRNAs 182 accumulate (Zhou et al., 2017b) . To confirm the protein-protein interaction between 183 CDE-1 and SUSI-1, we generated an antibody targeting SUSI-1(ceDis3L2). CDE-184 1::GFP was immunoprecipitated by anti-FLAG antibody. Western blotting of the 185 pelleted proteins with SUSI-1(ceDis3L2) antiserum confirmed the protein-protein 186 interaction between CDE-1 and SUSI-1(ceDis3L2) in vivo ( Figure 3C ). We then 187 generated single-copy 3×FLAG::GFP::SUSI-1 and CDE-1::mCherry transgenes and Therefore, we conclude that CDE-1 and SUSI-1 likely function as a protein 192 complex to suppress risiRNA production.
193

CDE-1 is involved in uridylation of 26S rRNA
Previously we showed that SUSi-1 degrades oligouridylated rRNAs and suppresses 196 the production of risiRNA (Zhou et al., 2017b) . To test whether CDE-1 uridylates 197 rRNAs, we used a 3' tail-seq assay to examine whether rRNA that was oligouridylated 198 at 3'-tail was depleted in cde-1(tm936) animals ( Figures 4A and 4B ). Total RNA was 199 isolated from embryos and L3-staged control and cde-1 animals, ligated to a barcoded 200 DNA linker and reverse transcribed with a primer complementary to the linker.
201
Libraries were then prepared by PCR with a 26S rRNA primer and a primer targeting 202 the linker. Illumina adaptor sequences were subsequently added, which was followed 203 by a number of PCR cycles and high-throughput sequencing.
205
The 3'-end of 26S rRNA was extensively modified by all four nucleotides 206 compared to the annotated rRNA sequence (Zhou et al., 2017) . Only a small fraction of 207 the 3'-end exactly matched to the annotated 26S rRNA from the Wormbase WS250 208 assembly. Although we did not detect a dramatic change in the nontemplated addition 209 of a single nucleotide, we observed a modest depletion of oligouridylation at the 3'-tail 210 of 26S rRNA, comparing cde-1(tm936) to control animals ( Figure 4B ). The 211 introduction of the CDE-1::mCherry transgene can rescue this oligouridylation defect. 212 We conclude that CDE-1 is involved in uridylating rRNAs.
214
SUSI-1(ceDIS3L2) is required for the inheritance of RNAi
215
It was previously showed that CDE-1 is required for the inheritance of RNAi by 216 uridylating WAGO-4-associated siRNAs (Spracklin, Fields et al., 2017 , Xu et al., 2018 .
217
Since CDE-1 interacts with SUSI-1(ceDIS3L2), we tested whether susi-1 was also 218 required for the inheritance of RNAi. We used a germline-expressed mex-219 5p::GFP::H2B (abbreviated as GFP::H2B) transgene as a reporter, which can inherit 220 RNAi-induced gene silencing for multiple generations. Both hrde-1 and cde-1 were not 221 required for exogenous gfp dsRNA to silence the GFP::H2B transgene in the parental 222 generation, but they were essential for silencing in the F1 generation (Figures 5A and 5B) . Similarly, susi-1(ceDis3L2) was not required for exogenous gfp dsRNA to silence 224 the GFP::H2B transgene in the P0 generation, but was necessary for silencing in F1 225 progeny. We conclude that susi-1(ceDis3L2) is required for the inheritance of RNAi. to suppress the accumulation of erroneous rRNAs. We identified a number of broadly 233 conserved genes that are involved in rRNA processing and maturation. The depletion 234 of these genes lead to an increase in risiRNAs. Thereafter, these genes are named 235 suppressor of siRNA (susi). Among them, SUSI-1(ceDIS3L2) plays a vital role in the 236 3'-5' degradation of oligouridylated rRNA fragments. In this work, we further found 237 that CDE-1 uridylates the 3'-end of 26S rRNAs and recruits SUSI-1(ceDIS3L2) through 238 protein-protein interactions. Therefore, we conclude that cde-1 is a new susi gene and 239 suppresses the generation of risiRNAs. , 2006) . Uridylation can also switch specific miRNA precursors from a degradative 246 to a processing mode. This switch depends on the number of uracils added and is 247 regulated by the cellular context (De Almeida, Scheer et al., 2018 , Heo, Ha et al., 2012 .
248
However, the typical consequence of uridylation is accelerating the RNA degradation 249 (Pirouz, Du et al., 2016 , Ustianenko et al., 2016 . In this work, we showed that CDE-1 250 can uridylate 26S rRNAs and recruit the 3'-5' exoribonuclease SUSI-1(ceDIS3L2), 251 which may further promote the degradation of oligouridylated rRNAs. In the absence 252 of either CDE-1 or SUSI-1(ceDIS3L2), erroneous rRNAs will accumulate in cells,
253
SUSI-1, another protein required for the inheritance of RNAi. Further elucidating the 284 function of SUSI-1 and CDE-1 will shed light on the mechanism of RNAi inheritance. Bistol strain N2 was used as the standard wild-type strain. All strains were grown 289 at 20°C unless otherwise specified. The strains used in this study were listed in 290 supplementary Table S1 . Table S2 . eft-3 mRNA was used as an internal control for sample normalization.
303
Data analysis was performed using a comparative threshold cycle (ΔΔCT) approach. The number of reads with untemplated oligouridylation at the 3'-ends is indicated. eri-1(mg366);cde-1(tm936);CDE-1::mCherry;GFP::NRDE-3 5μm
Control
cde-1(tm936) cde-1(tm936); rrf-3(pk1426) cde-1(tm936); rrf-1(pk1417) cde-1(tm936); rrf-2(ok210) cde-1(tm936); rrf-1(pk1417); rrf-2(ok210) 0% N (30) 92% N (37) 90% N (29) 0% N (58) 55% N (40) 87% N (39) eri-1(mg366); cde-1(tm936); gfp::nrde-3 eri-1(mg366); cde-1(tm936); gfp::nrde-3; rrf-1(pk1417); rrf-2(ok210) Table S1 : Strains used in this work. Genotype N2 eri-1(mg366) eri-1(mg366);nrde-3p::GFP::NRDE-3(ggISI) cde-1(tm936) cde-1(tm1021) eri-1(mg366);cde-1(tm936) eri-1(mg366);cde-1(tm936); nrde-3p::GFP::NRDE-3(ggISI) eri-1(mg366);cde-1(tm1021); nrde-3p::GFP::NRDE-3(ggISI) cde-1p::CDE-1::mCherry(ustIS105) eri-1(mg366);cde-1(tm936); nrde-3p::GFP::NRDE-3(ggISI); cde-1p::CDE-1::mCherry pup-2(tm4344) pup-3(tm5089) eri-1(mg366);pup-2(tm4344); nrde-3p::GFP::NRDE-3(ggISI) eri-1(mg366);pup-3(tm5089); nrde-3p::GFP::NRDE-3(ggISI) eri-1(mg366);pup-2(tm4344);pup-3(tm5089); nrde-3p::GFP::NRDE-3(ggISI) eri-1(mg366);cde-1(tm936);pup-3(tm5089); nrde-3p::GFP::NRDE-3(ggISI) eri-1(mg366);cde-1(ust166); pup-2(tm4344); nrde-3p::GFP::NRDE-3(ggISI) eri-1(mg366);cde-1(ust166); pup-2(tm4344); pup-3(tm5089); nrde-3p::GFP::NRDE-3(ggISI) susi-1(ust1) eri-1(mg366); susi-1(ust1); nrde-3p::GFP::NRDE-3(ggISI) control_sensor(ustIS38) risiRNA_sensor(ustIS37) risiRNA_sensor(ustIS37);eri-1(mg366) risiRNA_sensor(ustIS37);cde-1(tm936) risiRNA_sensor(ustIS37);eri-1(mg366);cde-1(tm936) mCherry::FIB-1(ustIS36) eri-1(mg366); nrde-3p::GFP::NRDE-3(ggISI);mCherry::FIB-1(ustIS36) eri-1(mg366); nrde-3p::GFP::NRDE-3(ggISI);mCherry::FIB-1(ustIS36);cde-1(tm936) eri-1(mg366);cde-1(tm936); nrde-3p::GFP::NRDE-3(ggISI);rrf-1(pk1417) eri-1(mg366);cde-1(tm936); nrde-3p::GFP::NRDE-3(ggISI);rrf-2(ok210) eri-1(mg366);cde-1(tm936); nrde-3p::GFP::NRDE-3(ggISI);rrf-3(pk1426) eri-1(mg366);cde-1(tm936); nrde-3p::GFP::NRDE-3(ggISI);rrf-1(pk1417);rrf-2(ok210) hrde-1p::GFP::HRDE-1(ustIS68) cde-1(tm936); hrde-1p::GFP::HRDE-1(ustIS68) wago-1p::GFP:: cde-1(tm936); wago-1p::GFP::WAGO-1(ustIS106) cde-1p::CDE-1::GFP(ustIS107) dpy-30p::mRuby::PGL-1(hjSi396) cde-1p::CDE-1::GFP(ustIS107); dpy-30p::mRuby::PGL-1(hjSi396) susi-1p::GFP::SUSI-1(ustIS108) cde-1p::CDE-1::mCherry(ustIS105); susi-1p::GFP::SUSI-1(ustIS108) mex-5p::GFP::H2B(ustIS45) hrde-1(tm1200); mex-5p::GFP::H2B(ustIS45) cde-1(tm936); mex-5p::GFP::H2B(ustIS45) susi-1(ust1); mex-5p::GFP::H2B(ustIS45) 
